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We investigated whether connexin 43, a gap junction
protein present in human epidermis and mouse hair
follicle, can serve as a negative marker for keratinocyte
stem cells. Experiments carried out in mouse pelage
and vibrissae hair follicles demonstrated that most of
the slowly cycling cells, detected as label-retaining cells,
do not express connexin 43. In humans, cells with im-
munohistochemically undetectable levels of connexin
43 are found in the epidermal basal layer of neonatal
foreskin, and in the follicular bulge region. About 10%
of the basal keratinocytes are connexin 43 negative, as
determined by £ow cytometry. These cells are uni-
formly small and low in granularity suggesting that
presumptive keratinocyte stem cells can be identi¢ed
and separated based on connexin 43 expression. Key
words: connexins/gap junctions/hair follicle/keratinocytes/label
retaining cells. JID Symposium Proceedings 8:91 ^95, 2003
T
he epidermis consists of multiple layers of keratino-
cytes whose di¡erentiation proceeds outward from
the basal layer. This layer harbors three subpopula-
tions of keratinocytes: stem cells, transient amplify-
ing cells, and postmitotic di¡erentiating cells
(Christophers, 1971; Morris et al, 1985; Bickenbach et al, 1986).
Stem cells and transient amplifying cells make up the prolifera-
tive pool of the epidermis. Stem cells are endowed with the po-
tential to generate self-renewing tissues throughout a lifetime
(Lajtha, 1979). Owing to their slow cycling nature, stem cells can
be identi¢ed by retention of [3H]thymidine, or bromodeoxyuri-
dine after prolonged chase. Such label-retaining cells (LRC) have
been found in the bulge region of the outer root sheath (ORS) of
mouse hair follicles (Cotsarelis et al, 1990; Morris and Potten,
1999; Taylor et al, 2000). Irradiation and cell kinetic analyses indi-
cate that stem cells comprise approximately 10% of epidermal ba-
sal cells (Withers, 1967; Clausen and Potten, 1990). Keratinocytes
presumed to be stem cells have been enriched based upon the ex-
pression of cell surface molecules (Bickenbach and Chism, 1988;
Jones andWatt, 1993; Li et al, 1998; Tani et al, 2000); however, no
marker has been identi¢ed that di¡erentiates stem cells from tran-
sient amplifying cells (Cotsarelis et al, 1999; Lavker and Sun,
2000).
Keratinocyte stem cells are believed to possess a large nucleus
to cytoplasm ratio and have been described as small and relatively
undi¡erentiated, both biochemically and ultrastructurally (Hol-
brook and Odland, 1975; Bickenbach, 1981; Lavker and Sun, 1982;
Morris et al, 1990; Lavker et al, 1991; Pavlovitch et al, 1991). The low
side scatter (SSC) has been one of the parameters used for isolat-
ing hematopoietic stem cells (Johnsen and Knudsen, 1996). Re-
cently, low SSC was also used to enrich for spermatogonial stem
cells in mouse testis (Shinohara et al, 2000).
Gap junctions are clusters of intercellular aqueous channels that
permit bidirectional passage of ions, metabolites, and molecules
of up to approximately 1 kDa between adjoining cells (Loewen-
stein, 1981). Gap junction intercellular communication has been
implicated in development, cell proliferation, and di¡erentiation
(Loewenstein, 1979; Risek et al, 1992; Zhang and Thorgeirsson,
1994). The connexins are encoded by a multigene family (Beyer
et al, 1990;Wilecke et al, 1991; Kumar and Gilula, 1992). These pro-
teins have highly conserved transmembrane and extracellular re-
gions (Bennett and Verselis, 1992).
Connexin 43 (Cx43) has been found in a number of epithelial
tissues, including human and mouse follicular and interfollicular
epidermis (Butterweck et al, 1994; Salomon et al, 1994; Rivas et al,
1997).
Here we present evidence that presumptive epidermal stem
cells can be identi¢ed and separated from transient amplifying
cells based on Cx43 expression.
MATERIALS ANDMETHODS
Immunohistochemistry Newborn foreskin obtained from routine
circumcisions, or adult human planned redundant tissue obtained after
surgery, was washed in phosphate-bu¡ered saline (PBS), pH 7.5 imbedded
in TBSt tissue freezing medium (Triangle Biomedical Sciences, Durham,
NC) and frozen in liquid nitrogen. Six to 12 mm sections were deposited
on silane-coated slides (Labscienti¢c, Inc. Livingston, NJ) and washed
twice with PBS. The sections were then ¢xed and permeabilized by
incubation in HistoChoice (Amresco, Solon, OH) containing 0.1% Triton
X-100 for 30 min at room temperature. After three washes with PBS, the
sections were incubated in PBS containing 5% bovine serum albumin
(fraction V, Sigma, St Louis, MO) for 30 min to block nonspeci¢c
binding sites. To detect Cx43 and keratin (K19), sequential incubations
with the indicated antibodies were carried out, each for 1 h at room
temperature. Following each incubation, sections were again rinsed three
times with PBS. First, the sections were incubated with anti-Cx43
monoclonal antibody (immunogen, a synthetic peptide corresponding to
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positions 252^270 of the rat Cx43; Chemicon,Temecula, CA) (dilution 1 :
300). The antibody was detected by £uorescein-conjugated goat anti-
mouse antibody (Jackson Immuno Research Laboratory,West Grove, PA)
(dilution 1 : 300). The sections were then incubated with mouse
monoclonal anti-K19 antibody (Sigma) (dilution 1 : 300), and detected by
rhodamine-conjugated goat anti-mouse antibody (Cappel, Organon
Teknika, Durham, NC) (dilution 1 : 1000). Some sections were
additionally incubated with a monoclonal antibody against K8 (CAM 5.2;
Becton Dickinson, Franklin Lakes, NJ) (undiluted). These antibodies were
detected by aminomethyl coumarine-conjugated goat anti-mouse antibody
used at a dilution of 1 : 200. Sections of neonatal foreskin were also
immunostained with the following antibodies: mouse monoclonal, and
rabbit polyclonal, anti-Cx26 (Zymed, South San Francisco, CA); rabbit
anti-mouse Cx40 (Chemicon); mouse anti-Cx32 (Chemicon). The
sections were mounted using Vectashield (Vector Laboratories,
Burlingame, CA) and examined by Nikon Microphot FXA equipped
with £uorescent epi-illumination. Observations were performed with a
10 objective, a 40 oil immersion objective, and with 100 oil
immersion objective with numerical apertures of 0.3, 1.3, and 1.3,
respectively. Only cells that appeared to lack Cx43 in all examined focal
planes were considered Cx43 negative.
Flow cytometry of keratinocytes To obtain primary epidermal
keratinocytes, neonatal foreskin was washed with PBS and after the
removal of subcutaneous fat, the samples were cut into 55 mm pieces.
Incubation was carried out overnight at 41C in Dulbecco minimal Eagle’s
medium containing 2.5 mg per ml Dispase II (Boehringer Mannheim,
Indianapolis, IN) and penicillin (100 units per ml)/streptomycin (100 mg
per ml). Epithelial sheaths were removed from the underlying dermis
with forceps, washed and incubated with agitation in a trypsin (0.05%)
and ethylenediamine tetraacetic acid (0.01%) solution at 371C for 5^10
min. After neutralization of trypsin with fetal bovine serum (HyClone,
Logan, UT) at a 5% ¢nal concentration, the cell suspension was ¢ltered
through a 35 mm ¢lter (Becton Dickinson). Cells were harvested by
centrifugation and resuspended in HistoChoice for 30 min. The cells were
then washed twice in PBS containing 5% fetal bovine serum, and
permeabilized with 0.03% Triton X-100 for 5 min at 41C. Following
three additional washes in PBS/fetal bovine serum, cells were incubated
with an IgG1 monoclonal anti-Cx43 antibody (dilution 1 : 300), and an
IgM monoclonal anti-K14 antibody (Sigma) (dilution 1 : 200) for 1 h at
room temperature. Cx43 and K14 antibodies were detected using goat
anti-mouse IgG1 antibody conjugated to R-phycoerythrin (Serotec,
Kidlington, Oxford, U.K.) (dilution 1 : 1000), and £uorescein-conjugated
goat anti-mouse IgM antibody (Sigma) (dilution 1 : 300), respectively.
Each step was followed by two washes in PBS/fetal bovine serum. Flow
cytometry was performed on FACScan (Becton Dickinson). Data were
analyzed using Cell Quest software. Compensation settings on the
£uorescence activated cell sorting (FACS) were determined using isotype
controls (Serotec), as well as single color positive controls.
Labeling with [3H]thymidine Three days following birth, SENCAR
mice (Jackson Laboratory, Bar Harbor, ME) were injected with 5 mCi per g
of thymidine [Methyl-3H] (NEN, Boston, MA), speci¢c activity 86.90 Ci
per mmol, two times per day for 7 d (Cotsarelis et al, 1990). Four weeks
after the last injection (chase), the mice were killed, their skin was excised,
imbedded in a TBSt tissue freezing medium, and frozen in liquid
nitrogen. Blocks were stored at ^701C and tissue sectioned at 6^12 mm.
Cx43 was visualized by immuno£uorescence and [3H]thymidine by
autoradiography (Michel et al, 1996). Following immunostaining with
anti-Cx43 antibody, as described above, the sections were dried and the
slides were dipped in Hypercoat emulsion for high resolution
microautoradiography (Amersham, U.K.). Autoradiographs were exposed
at 41C for 1 mo. Developing was done according to the manufacturer’s
protocol. Observations were performed as described above.
RESULTS
[3H]thymidine retaining cells do not express Cx43 The
expression of Cx43 and the retention of [3H]thymidine were
evaluated in mouse hair follicles. Cx43 was assessed by
immuno£uorescence and afterwards [3H]thymidine was detected
by autoradiography. Out of 235 follicles examined, 118 had only
LRC (Fig 1C,D) and 45 follicles had only Cx43 expressing cells
and 72 follicles had both LRC and Cx43 expressing cells (Figs
1A,B,B0 and 2B). In the case where both Cx43 and LRC could
be observed in the same follicle, the vast majority of cells that
were label retaining did not express Cx43. Sections of follicles
that expressed only Cx43, but had no LRC belonged to large
vibrissal follicles.
Cx43 expression in human epidermis To determine whether
those sites in human epidermis believed to harbor stem cells
contain Cx43-negative cells, we examined neonatal foreskin
and the human adult hair follicle. Shown in Fig 3 are two
representative sections of neonatal foreskin stained with
antibodies against Cx43. To facilitate examination of basal
keratinocytes, the tissue was also stained with anti-K19
Figure1. LRC and Cx43 expression. Sections of the bulge area of vi-
brissal (A,B), and pelage follicles (C,D). (A,C) bright ¢eld micrographs;
(B,D) £uorescent micrographs. (B0) is a diagram of (A,B). The focal plane
was adjusted to visualize either Cx43 (B,D), or [3H]thymidine (A,C). The
section in (B) was photographed through a green ¢lter to allow some back-
ground auto£uorescence to be visible for orientation purposes. Arrows
point to the cells that express Cx43. Note that LRC do not express Cx43.
Scale bar: 12 mm.
Figure 2. LRC of a mouse vibrissal follicle. Fluorescent micrographs of
a longitudinal section of mouse vibrissal follicle. (A) A low magni¢cation
view of vibrissal follicle. b, bulb; bg, bulge; dp, dermal papilla; s, sebaceous
gland. The area within the stars is magni¢ed in (B). (B) A high magni¢ca-
tion view of LRC and Cx43 expressing cells. Cx43 plaque is marked by the
white arrow. A white arrowhead points to a LRC. Note that LRC do not ex-
press Cx43.Yellow staining probably originates from lipids. (B0) A diagram
of three cells that express Cx43 shown in (B). The black arrow depicts the
Cx43 plaque that corresponds to the plaque pointed by the white arrow in
(B). Scale bar: (A) 96 mm; (B) 4.8 mm.
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antibodies. Cells were observed in multiple focal planes. In
neonatal foreskin, Cx43 was expressed abundantly in suprabasal
layers (Fig 3), in accordance with previous observations
(Salomon et al, 1994). Basal cells in general expressed low levels
of Cx43 protein. Basal keratinocytes that did not show any ¢ne
punctate staining, characteristic of Cx43 were identi¢ed
(Fig 3A,C). In observing more than 700 sections, similar results
were obtained. Consistent with the results obtained by Salomon
et al (1994) and Masgrau-Peya et al (1997) with adult skin, neonatal
foreskin did not contain immunohistochemically detectable
levels of Cx28, Cx32, and Cx40 (data not shown should be
included).
Another region of the epidermis for which there is strong
evidence of stem cell presence is the bulge of the hair follicle
(Cotsarelis et al, 1990; Morris and Potten, 1999; Taylor et al, 2000).
The bulge is a part of the ORS and is the lowest point of the
permanent portion of the follicle (Taylor et al, 2000). The bulge
can be identi¢ed morphologically and by its position below the
sebaceous gland. This position correlates with insertion of the
arrector pili muscle. Cells of the bulge region have also been
found to express high levels of K19 (Lane et al, 1991; Michel et al,
1996). Shown in Fig 4(B^D) is a typical K19 expressing bulge
region. As previously reported, the ORS, inner root sheath, and
sebaceous gland express Cx43 (Fig 4A,C,D); however, in the
bulge region of the ORS, we identi¢ed cells with no apparent
expression of Cx43 (Fig 4C,D). Similar results were obtained in
observations of over 500 sections. The Cx43-negative cells did
not express K8, excluding the possibility of their being Merkel
cells. The only Merkel cells that were detected were found
outside the bulge region (data not shown), consistent with
previous observations (Michel et al, 1996).
Cx43-negative keratinocytes are small and low in
granularity In order to quantitate the proportion of Cx43-
negative keratinocytes within the basal layer, FACS analyses
were used. Basal cells of neonatal foreskin were selected with
K14 antibody. Figure 5(A) shows the light scatter characteristics
of keratinocytes isolated from the foreskin and immunostained
with anti-Cx43 and anti-K14 antibodies. Dual color FACS
analyses separated cells based on £uorescence intensities (Fig 5B).
In ¢ve experiments, the average percentage of K14-positive cells
that were Cx43 negative was 10% with a range of 5^14%.When
the relative size and granularity of di¡erent keratinocyte
populations was evaluated, the Cx43-negative cells were found
to comprise a subset of basal cells, which were small [lower
forward scatter (FSC)] and low in granularity (lower SSC) (Fig 5C).
In contrast, the connexin-positive basal and suprabasal cells had a
broader range of size and granularity (Fig 5D,E)
DISCUSSION
We have presented evidence that presumptive epidermal stem
cells can be identi¢ed and separated from other keratinocytes
based on the lack of Cx43 expression. The Cx43-negative cells
comprised about 10% of basal keratinocytes in human neonatal
foreskin, consistent with stem cell number estimates based on ki-
netic and irradiation studies (Withers, 1967; Clausen and Potten,
1990). These cells were uniformly small and low in granularity,
characteristics attributed to stem cells (Holbrook and Odland,
1975; Bickenbach, 1981; Lavker and Sun, 1982; Morris et al, 1990;
Lavker et al, 1991; Pavlovitch et al, 1991; Johnsen and Knudsen,
1996; Shinohara et al, 2000). In the human hair follicle, Cx43-ne-
gative cells were found in the ORS of the bulge region, a region
purported to contain epidermal stem cells (Yang et al, 1993;
Rochat et al, 1994; Lyle et al, 1998). Finally, the majority of LRC,
the putative stem cells in the mouse hair follicle, showed no Cx43
expression.The few LRC cells that appeared to express Cx43 may
be transient amplifying cells that did not divide enough times to
lose most of their [3H]thymidine. As earlier work demonstrated
that presumptive corneal epithelial stem cells lack Cx43 expres-
sion (Matic et al, 1997), this protein may serve as a negative surface
marker shared by presumptive stem cells of a variety of tissues.
Our preliminary data using antibodies against an extracellular
loop of Cx43 and antibodies against b6 integrin indicate that
Cx43-negative cells are able to form viable colonies. The e⁄cient
isolation of such putative stem cells should enhance future re-
search on the regulatory processes involved in self-renewal, and
facilitate keratinocyte gene therapy.
Figure 3. Cx43 expression in human neonatal foreskin. Fluorescent
micrographs of two di¡erent regions of the epidermis (A,B) and (C).
Cx43 (FITC) expression (A,B). Yellow background in the basal cells in (A)
is a ‘‘bleed through’’ the green ¢lter of rhodamine-stained K19. The large
arrow in (A), points to the cell that apparently lacks Cx43 expression. The
small arrows point to the Cx43 puncta on the neighboring cells in the basal
layer. Note the high density of Cx43 puncta on the cells in the suprabasal
layers (B). Double £uorescence, K19 (rhodamine) and Cx43 (FITC) expres-
sion (C).The arrows in (C) point to the cells with no apparent Cx43 expres-
sion. Scale bar: 4.8 mm.
Figure 4. Cx43 expression in the bulge region of the human hair
follicle. Fluorescent micrographs. Low magni¢cation view (A,B). The rec-
tangle marks the region viewed under high magni¢cation (C,D). Cx43
(FITC) expression (A,C). K19 (rhodamine) expression (B). Double £uores-
cence, Cx43 (FITC) and K19 (rhodamine) expression in the bulge (D). Ar-
rows point to the cells in the basal layer of the ORS with no apparent
expression of Cx43 (C). Inner root sheath in (C) is overexposed in order
for Cx43-free cells to be visible due to ‘‘bleed through’’ of rhodamine-
stained K19. Arrowheads in (D) point to the Cx43 puncta in cells adjacent
to those that are Cx43 negative. s, sebaceous gland. Scale bar: (A,B) 96 mm;
(C,D) 12 mm.
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Further examination of Cx43-negative basal cells in culture
will enable investigation of their proliferative capacity. It is ex-
pected that the majority of these cells will have greater prolifera-
tive capacity than Cx43-positive basal cells. These cells may be
representative of a subpopulation of those isolated using either
b1 integrin, or a6 integrin-transferrin receptor, as markers (Jones
et al, 1993; Bickenbach and Chism, 1998; Li et al, 1998).
We have also shown the lack of gap junction intercellular com-
munication in 43% of cells in the basal layer, using microinjec-
tions of low molecular weight dyes (Matic et al, 2002). This gives
rise to questions concerning the mechanisms that regulate the ex-
pression of Cx43 and subsequent cell coupling, as well as the sig-
ni¢cance of gap junction communication in what is likely to be
the di¡erentiation of stem cells and transient simplifying cells.
We thank Christopher Pullis from the core facility SUNYat Stony Brook for help
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